ABSTRACT This paper proposes symmetrical and crossed double-sided passivation emitter and surface field solar cells for bifacial applications which are fully compatible with the passivated emitter and rear contact (PERC) fabrication process. Our simulations use Silvaco TCAD Atlas, calibrated by real measurements. At an ideal albedo level where light enters both sides equally, these symmetrical and crossed structures boost energy by 88.78% and 106.74%, respectively. The reason for the crossed structure's better performance is that it has a surrounding electric field. The crossed structure also obtains a 40.18 mA/cm 2 short-circuit current (J sc ), a 0.67 V open-circuit voltage (V oc ), an 81.07% fill factor and a 21.93% conversion efficiency (η). Compared with PERC+, the crossed structure improves low bifaciality factor (ϕ η ) and increases η by 6.44% and energy boost by 31.41% for bifacial. For more-realistic albedo levels, the structure also performs strongly. At the spectral albedo level of snow, the energy boost of the crossed structure is 102.06%, which is close to the performance at ideal albedo. At the spectral albedo level of white sand, the energy boost is 77.13%. At lower albedos, the energy boost remains between 20% and 30%.
I. INTRODUCTION
Recently, the conversion efficiency of silicon solar cells has approached a limit [1] - [3] . The conversion efficiency of monofacial solar cells is hard to improve further [4] , [5] . To overcome this, power output can be boosted by using bifacial solar cells that can be irradiated by light from both the front and rear surfaces. Bifacial cells were demonstrated decades ago [6] , but have only recently drawn wide interest.
One such cell is a bifacial passivated emitter and rear contact (PERC+). By placing a printed aluminum (Al) finger grid on the rear surface, the PERC+ cell allows light to enter the rear surface, where not blocked by the grid. Modern Al pastes allow the finger grid to maintain high conductivity [7] . PERC+ solar cells can be manufactured by the typical industry PERC process flow. This process is a mature technology with a high market share, which can reduce production costs [8] .
Although the front surface on PERC+ cells can reach a power conversion efficiency of 21.6%, the rear-side efficiency is only 17.3% [9] . This mismatch significantly impacts overall efficiency, particularly in high albedo situations. This paper improves rear-side efficiency by placing emitters on both sides. We consider two options for this placement: symmetrical and crossed, as presented in Fig. 1 . Their fabrication is fully compatible with the conventional PERC fabrication process.
These devices retain the excellent passivation and surface field of PERC solar cells. The crossed structure is found to have better the electron current density J sc and fill factor F.F., because the emitter has a surrounding electric field that assists carrier transport. Moreover, since the emitter ratio is important for carrier transport [10] and the best performance is found by controlling the emitter ratio between the front and rear sides. Spectral albedo is a wavelength-specific measure of the amount of diffuse light reflected from the environment. It is an important parameter for bifacial applications [11] - [13] . The spectral albedo of various real-world environments [14] were considered, and the crossed structure was found to perform well in each environment.
II. DEVICE SIMULATION AND PARAMETER CALIBRATION
This study uses the Silvaco TCAD tool with ray tracing to simulate device performance. The solar cell is operated under a global standard solar spectrum (AM 1.5G) and the light intensity was calculated at wavelengths from 0.3 µm to 1.2 µm with a total incident power density of 100mW/cm 2 .
For simulation reliability, all parameters were obtained by an initial calibration based on measurement. Since our new devices are based on PERC cells, we use a popular reference [15] for calibration. The models, assumptions and their related parameters were carefully adjusted to minimize the differences to the reported values. Fig. 2 compares the resulting simulated I-V curve to the measured result of the PERC solar cell. The close agreement between the two curves in Fig. 2 validates the simulation. The calibrated parameter values are shown in Table 1 and are used for all of our subsequent simulations.
III. RESULTS AND DISCUSSION
The symmetrical structure obtains a J sc of 31.92 mA/cm 2 , a V oc of 0.67 V, a F.F. of 57.08 % a η of 12.31 %, and an energy boost of 88.78% at 100% albedo. Although the energy boost is high, the η is still low. The reason is that the distribution of electron carriers is not uniform, thus decreasing J sc and F.F. This effect can be seen in Fig. 3 , which explores how alignment between the sides affects the electronic current density. Fig. 3a is the symmetrical case (offset = 0 µm). The distribution is, indeed, very non-uniform. As the offset increases to the point of being fully crossed (1480 µm), the electron current covers much more of the silicon area. Table 2 gives the performance of Fig. 3(a) -(e). The crossed structure does have the best performance. The J sc and F.F. gradually increase as the device shifts from symmetrical to crossed. Fig. 4 shows the electric field directions for the crossed structure. Fig. 4 facilitates carrier transmission, thereby causing J sc and F.F. to increase. Fig. 3 (a) -(e).
We choose the crossed structure for optimization, because it has better performance. The front emitter width (W fe ), front surface field width (W fs ), rear emitter width (W re ) and rear surface field (W rs ) width can all be optimized. Fig. 5 shows the J sc , V oc , F.F. and η performances at various W fe /(W fe + W fs ) and W re /(W re + W rs ) ratios. The optimal ratios will depend upon the albedo of the expected operational environment. Fig. 5 and 6 consider the cases of top-side-only (monofacial) illumination and equal (bifacial) illumination.
In Fig. 5 (a), J sc is higher when the emitter ratio is larger, with the W fe ratio having the larger impact. The W re ratio cannot affect J sc when the W fe ratio is above 60% and J sc can reach 40.33 mA/cm 2 when the W fe ratio is above 75%. Fig. 5(b) shows that V oc is higher when the ratios are lower. The impact of W fe and W re is similar so the diagram is roughly symmetrical. V oc reaches 0.6775V when the W fe and W re ratios are both 20%. In Fig. 5(c) , F.F. is higher at lower ratios, with W fe having the larger impact. When the W fe ratio is less than 40%, W re cannot significantly affect F.F., which reaches 81.25% at a W fe ratio of 30%. The power conversion efficiency can reach 21.97% when W fe and W re ratios are 30% and 60% respectively. Fig. 6 considers the case of bifacial illumination, which means an ideal albedo. Albedo is the measure of the diffuse reflection of solar radiation out of the total solar radiation received by an astronomical body. Comparing these diagrams to their corresponding diagrams in Fig. 5 , reveals that the trends are the same: J sc is still higher when the ratios are larger, while V oc and F.F. are still higher when the ratios are lower, and η is still higher in the middle. The notable difference to Fig. 5 is that the diagrams are fully symmetrical, 176 VOLUME 7, 2019 but this is the expected consequence of the two sides being equally important. As for the optimal values, J sc reaches 80.59 mA/cm 2 when the W fe and W re ratios are both 80%, V oc reaches 0.6995 V when W fe and W re ratio are both 20%, F.F. reaches 81.2 % when the ratios are 20 %, and η reaches 45.4% in the middle of Fig. 6(d) . Compared with the monofacial case, the bifacial operating environment also has a wider design window. In typical sunlight, the Shockley-Queisser (SQ) limit of maximum solar conversion efficiency for a single p-n junction photovoltaic cell is around 34 % in theory and 32 % for a silicon-based cell [16] . (Actual cells cannot obtain this limit, due to practical concerns such as frontsurface reflection and light blockage from the thin wires on the cell surface.) When considering a bifacial cell operating at 100% albedo, the effective power conversion efficiency might be larger than the SQ limit. For example, in this work it is 45.4 % for our newly presented crossed bifacial PERC solar cell. This exceeding of the SQ limit arises from the way that power conversion efficiency is traditionally calculated: only counting front side solar illumination in the denominator (thus ignoring the reflected light entering into the other side of the cell). If that reflected light were also to be considered in the denominator of the limit, then this alternative calculation of conversion efficiency would drop from the reported 45.4 % to a value below the theoretical SQ limit. In Table 3 , we compared front side power conversion efficiency (η front ), rear side power conversion efficiency (η rear ) and bifaciality factor (ϕ η ) of the symmetrical, the crossed and PERC+ solar cells [7] , [9] . Because the front of our structure is similar to the rear, the η front is the same as the η rear , and the ϕ η can reach 1. The η front and η rear of the crossed structure are 0.35% and 4.65% higher, respectively, than the best PERC+ [9] . The gap between η front and η rear is consequently also reduced.
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FIGURE 7. The I-V curves between the conventional PERC solar cell and PERC+ solar cell. The conventional PERC solar cell has better short-circuit current density than the PERC+ solar cell because more light is reflected from the metal layer since it fully covers the rear side. Fig. 7 shows the I-V curves for the conventional standard PERC solar cell (mono-facial) [15] and the PERC+ solar cell (bi-facial) [7] . The conventional PERC cell had already been VOLUME 7, 2019 177 calibrated by Silvaco Atlas from the measurement in [15] . A conventional PERC solar cell has the rear-side fully covered by a metal layer. As the figure shows, this improves circuit current density when the albedo is 0 %, because the metal allows for nearly-full reflection of light from the back surface, with no disadvantage from not allowing light in from the rear. Table 4 shows the benchmark comparisons of the symmetrical structure, crossed structure and PERC+ solar cell under 0% albedo, 30% albedo and 100% albedo. A 0% albedo represents the mono-facial case, a 30% albedo means the average of the spectral albedo of the environment [17] , and a 100 % albedo represents the bi-facial case of an ideal environment. Although the symmetric structure's energy boost ( Fig. 1(a) ) is better than the PERC+ [7] , the monofacial operational conversion efficiency is too low. The improved cross structure has good power conversion efficiency in monofacial operation and high-energy boost in bifacial operation. In our previous work, a double-sided symmetrical emitter crystalline silicon solar cell with heterojunction (SHJ) [18] , has a high power conversion efficiency and energy boost for bifacial operation that are similar to this present paper. But the crossed structure proposed in this paper can be manufactured by the industry-typical PERC process flow, which has a lower cost and higher market share than SHJ solar cell [8] . To explore the impact of our structures under various spectral albedos. Fig. 8 shows the energy boosts of the PERC+ solar cell and the symmetrical and crossed structures, at various spectral albedos. The energy boost of the symmetrical structure and the crossed structure are higher than the PERC+ solar cell. The energy boost of the crossed structure is the largest one at all spectral albedo levels, so it is suitable for bifacial applications. Fig. 9 shows the crossed structure performance at the spectral albedos of several widely used environments [12] . In the case of snow, these energy boost and η values are 100% and 46.4%, respectively, which approaches the performance at ideal albedo. The energy boost is 77.13% for white sand and 20%∼30% under other widely used environments. The results indicate good performance over many environments. 
IV. CONCLUSION
We have designed symmetrical and crossed double-sided passivation emitter and surface field solar cells for bifacial applications, based on PERC solar cell. The crossed 178 VOLUME 7, 2019 structure has the higher energy boost of the two and is also higher than the conventional PERC+ cell (which suffered from low rear-side power conversion efficiency). Compared to our previous work [18] , the crossed structure has similar power conversion efficiency and higher energy boost, but is cheaper to fabricate, it is fully compatible with the PERC fabrication process. Through the discussion of electronic current density and the electric field, we have evaluated why the crossed structure has better performance. The reason is found to be that the surrounding electric field can significantly improve J sc and F.F. We have optimized the crossed structure and found that the best power conversion efficiency occurs at a W fe ratio of 20-50% and a W re ratio of 60-80%. The device exhibits a much better design window for bifacial applications. We therefore consider that our structure can be applied in many lighting environments.
